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SUWIARY 

Tbe problems and failures occurring with the operation of high speed gears 
are discussed. The gearing losses associated with high speed gearing such as 
tooth mesh friction, beaming friction, churning, and windage are discussed with 
various ways shown to help reduce tnese losses and thereby Improve efficiency. 

Several different methods of oil jet lubrication for high speed gearing 
are given such as Into mesn, out of mesh, and radial jet lubrication. The 
experiments and analytical results for the various methods of oil jet lubrica- 
tion are shown with the strengths and weaknesses of each method discussed. 

The analytical and experimental resists of gear lubrication and cooling 
at various test conditions are presented. These results show the very definite 
need of Improved methods of gear cooling at high spaed and high load conditions. 

INTRODUCTION 

There are many applications where gears must operate at high speeds 
>50 m/s (10 000 fpm) and sometimes at high tooth loading. Some of these appli- 
cations Include turbine powered ship propulsion, surface effect ships, turbo- 
prop, V/STOL aircraft, and geared turbofans. There Is very little Information 
available on lubrication and cooling methods, or methods to determine the power 
losses and lubrication requirements for gears operating at these high power 
conditions. Many high speed gear sets today are operating at load conditions 
below tnose that could be obtained with better cooling methods. Also many gear 
boxes could operate at better efficiencies with Improved lubrication and 
cooling methods. 



There are several Methods used for lubrication and cooling gears. Soae 
of these Methods Include splash lubrlCctlon, drip feed, grease, oil Mist, and 
low or Moderate pressurized oil jet flow Sqm? gear boxes are operated with a 
given lubrication Method such as low pressure oil Jets with Into Mesh and/or 
out of Mesh simply because It has worked In the past and no effort has been 
Made to leprove the system for better efficiency or higher power rating. 

For gears operating at low speeds and low loads the lubrication Method Is 
not critical since very little heat Is generated Under these conditions the 
gears require lubrication but very little cooling. When the heat input to the 
gear teeth Is Increased by high speed and high power conditions then the Major- 
ity of the lubricant Must be used for cooling the gear teeth. When Inadequate 
cooling Is supplied to the gear teeth several things may happen. The gear 
teeth can suffer what Is called mlcroplttlng or grey staining (fig. 1, ref. 1) 
which Is caused by insufficient oil film between the teeth. The gears car have 
early fatigue spalls (fig 2, ref. 2) resulting from reduced hardness caused by 
a temperature rise of the gear teeth above the gear tempering temperature. The 
gears can fall by scoring (fig. 3, ref. 3) as a result of a loss of the elasto- 
hydrodynamlc EHD or extreme pressure EP boundary film. The gears can also fall 
by tooth breakage as a result of reduced strength when the teeth are overheated 
and lose their hardness. The objective of the work reported herein Is to show 
the gear designer the various lubrication methods that are used In gearing and 
what can be expected with each method, and to provide the gear designer with 
methods to reduce gear losses and thereby reduce heating and Improve efficiency. 

NOMENCLATURE 

2 2 

A bearing area, cm (In ) 

a addendum, mm (In) 

B backlash, mm (In) 
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c p specific heat, cal/g *C (Btu/lb *F) 
c $ basic static capacity, M (lb; 

0 root diameter, nm (In) 

d gear diameter, m (In) 

d^ Impingement depth, am (In) 

d tearing mean diameter, mm (In) 

HI 

F face width, am (In) 

F bearing axial load, N (lb) 

G 

Fg bearing load, N (lb) 

F f bearing radial load, N (lb) 

F $ static equivalent load, N (lb) 

fg friction factor viscosity 

fj friction factor load 

h-j bearing clearance, mm (In) 

Lp distance from Impingement point to center line of gears, mm (In) 
M tooth module, mm 

bearing friction torque, N-m (lb-in) 

M.j bearing load friction torque, N-m (lb-in) 

M bearing viscous friction torque, N-m (lb-in) 

V 

m gear ratio 

9 

N speed, rpm 

P power loss, kW 

P d dlametrlal pitch, l/1n 

AP oil Jet pressure, N/cm (lb-in) 

Q heat loss, cal/mln (Btu/mln) 

R pitch radius, mm (In) 

r radius to oil jet Impingement, mm (In) 


3 



'1 


gear outside raulus, an (In) 
oil jet orfset, inn (In) 

AT oil temperature rise, °C (*F) 

V velocity, mra/sec (In/sec) 

gear pitch line velocity, m/sec (ft/sec) 

Vj oil jet velocity, m/sec (ft/sec) 

w oil flow, g/mln (Ib/ln) 

6reek symbols 

a bearing contact angle, degrees 

oil jet angle, radians 

nondlmenslonal Impingement depth = dl/whole depth 
gear rotation angle for oil Jet In tooth space, radians 
gearbox space function l=free space, 0.6-0. 7 for large enclosure, 0.5-0. 6 
for fitted gear case 
viscosity, reyns 

lubricant viscosity, centlstokes 
oil mixture function 1.0=o11 free atmosphere 
gear pressure angle, radians 
gear rotational speed, radians/sec 

POWER LOSSES 


<t> 
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There are four main areas of losses In high speed gears. These losses 
can be controlled for the most part by careful design and construction. The 
losses consist of beaming losses, tooth friction losses, oil churning losses, 
and gear windage losses. Bearing losses may account for about half of the 
losses particularly when fluid film bearings are used. However, when long life 
Is a requirement, the fluid film bearing Is the best choice. An approximate 
method for the friction torque In a fluid film bearing Is shown In the follow- 
ing equation from reference 4. 


A 


Nb = yArV/h (1) 

Rol’^ng contact bearings have considerably less friction loss when prop- 


erly lubricated and will generally have a nuch shorter life than a fluid film 
bearing. However, rolling element bearings should have sufficient life for 
many applications. The friction torque for rolling element bearing may be 
estimated by the following equations from reference 5. 


The friction torque due to the applied load Is 


F n = 0.9 F cot a - 0.1 F or F_ = F If larger 
Da r b r 

"l " f l F 0 d m 


( 2 ) 


wnere f^ = z , z = 0.001, y = 0.33 


for 30 angle contact bearings and = 0.0003 for -o 1 ler hearings, 
cous friction torque may be estimated by 


The vls- 


-5 2/3 

M = 1 .42x10 f (v N) d 3 
w o' o m 


(3) 


M = 3.492x10 3 f d 3 » N < 2000 

v o m o — 

for ball bearings f values range from 3 to 4. Bearing computer programs 
have been developed that give more accurate results for bearing torque, 

( ref s . 6 and 7) . 

The tooth friction loss is probably the lowest loss In the gear system 
when the gears are adequately lubricated. There Is vary little that can be 
done to redi'ce gear tooth friction loss once adequate lubrication has been 
provided. Some lubricants will have a little less friction loss than others. 
S^me gears will have more or less tooth friction loss because of the type of 
design mainly because of * Ua different sliding conditions. For Instance, high 
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contact ratio spur gears generally have more sliding and, hence, mors losses 
than standard contact ratio gears. However, since this Is a small part of the 
overall loss. It generally has little effect on the total loss. 

Windage losses can account for a large part of the total gear box losses 
In high speed gears because of the high pitch line velocities. Some of this 
windage lose can be reduced by careful designs. For Instance, It was shown In 
reference 8 that axial holes In a gear web can significantly Increase the wind- 
age losses. Also It was shown that placing a shield on the ends of the gear 
teeth, to prevent the air circulating 1"to the teeth, reduced the windage 
losses by a large percentage. The windage losses In a gear box with the smooth 
sides of the box located approximately 1 In from the gear and the Inside diam- 
eter 0.6 In from the teeth, reduced the windage loss to approximately one-half 
that for open gears. The pumping loss of the air at the entrance of the mesh 
accounts for some losses and can be reduced by reducing the pressure In the 
gear box which also reduces other windage losses. An equation for approximat- 
ing the windage loss In gears was given In reference 8 as shown In the follow- 
ing equation. 


Sides 

2 q 3 9 ?9 

P = N (0.16 D * 0 


Periphery 

f 0.75 h 1.1 5) x jq-20 




( 4 ) 


Churning losses are caused by the gear striking, pumping, or otherwise 
moving the lubricant around In the gear box. It Is very Important In high 
speed gear boxes to get the lubricant to perform Its lubrication and cooling 
function and then get It out of the way. Shrouds are sometimes used In gear 
boxes to direct the lubricant oil away from the gears. If too much lubricant 
Is allowed to enter the gear mesh, excessive losses will occur from oil being 
trapped In the gear teeth and being pumped out of the mesh in the axial direc- 
tion. In spur gear application this more critical than helical gears. This 
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Is one reason why most gear designers prefer helical gears for high speed gear- 
ing. Even with helical gearing, however considerable power loss occurs with 
too much oil getting Into the gear mesh. Some spur gear designs have a groove 
In the center of the axial length of the gear to reduce pumping losses In th® 
mesh. This Is also done In some very wide helical gear applications. 

LUBRICATION AND COOLING METHODS 

There are many high to moderately loaded high speed gears operating today 
with oil Jet lubrication using 30 to 50 pslg oil pressure to lubricate the 
gears. This type of low pressure system does not do a good job of cooling the 
gears In a high speed gear drive and will only allow the gears to operate at a 
moderate load. In a low pressure oil jet system the oil Jet can only penetrate 
a small distance Into the tooth space. This results In cooling of the tips of 
the gear teeth only. This causes the gear tooth temperature to be higher than 
that obtained with a better system, such as high pressure radial oil jet. 

Figure 4(a) Is a calculated temperature profile of a gear tooth cooled with low 
pressure operating at a moderate speed and high load reference 9. When the 
speed Is Increased at this load condition and low pressure lubrication, failure 
of the gears will generally occur. Figure 4(b) shows how the gear tooth tem- 
peratures are reduced when the oil jet pressure Is Increased to obtain good 
Impingement depth. 

OUT OF MESH JET LUBRICATION 

A large number of gears are lubricated with low pressure oil Jets Into 
mesh or out of mesh or both. In the out of mesh lubrication method the oil 
Jet has a very modest Impingement depth. This Is Illustrated In figure 5 
which shows the analytical results for Impingement depth on the pinion using 
the following equation from refeience 10. 
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Figure 6 Is a high speed photograph of an oil jet at the out of mesh con- 
dition. In order to get the maximum Impingement depth for the out of mesh 
condition care must be exercised t„ get the proper oil Jet location. The anal- 
ysis Indicates that the pinion can be completely missed by a very small change 
In offset distance from the Intersection of the outside diameter of the gear 
and pinion or from a small change In the jet angle. For maximum Impingement 
depth In most cases the oil jet should be directed at the Intersection of the 
two outside diameters at an angle that will Intersect the pitch point of the 
gear and pinion (ref. 10). For large gear ratios It Is probably better to 
favor the pinion to get a better cooling balance. Reference 11 gives an ana- 
lytical method for out of mesh jet lubrication for gears with modified center 
distance and/or addendums. Reference 11 also gives the Impingement depth 
results for various oil jet offsets and oil Jet angles. Figure 7 shows the 
analytical results for the out of mesh jet lubrication for various oil let 
angles . 

INTO MESH JET LUBRICATION 

Into mesh oil Jet lubrication Is often used as a means of getting oil to 
the gear tooth surfaces at a good impingement depth when the oil system Is 
operating at a low pressure. This method Is effective because It uses the 
gear tooth velocity moving with the oil jet velocity as shown In figure 8. 
References 12 and 13 give equations for the oil jet Impingement depth for Into 
mesh lubrication. When the Jet velocity Is less than the gear velocity, the 
oil. Impinges on the backside of the teeth as shown In figure 9. When the Jet 
velocity Is greater than the gear velocity, the oil will Impinge on the front 
of the gear tooth. This Is shown In figure 8. The optimum Impingement depth 
for Into mesh lubrication was shown In references 12 and 13 to occur when the 
oil jet velocity and gear velocity are equal. The equation for oil Jet 
Impingement depth at the oplmum velocity Is given by the following equation. 
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d 1 = l/P d * a v j = “g Rsec 0 (&) 

When Into mesh lubrication Is used with high speed gears care must be taken to 
avoid excessive oil being trapped In the gear teeth. This trapping can cause 
various problems such as loss of efficiencies, high loads on the teeth, high 
noise, and even gear failure under some conditions. In many cases the bulk of 
the cooling oil Is supplied to the out of mesh location with only a small 
percentage for lubrication supplied to the Into mesh position reference 14. 
However, there Is usually suff'clent oil film remaining on the gear tooth for 
good lubrication when adequate cooling Is provided at the out of mesh location. 
In some cases where It Is difficult to keep the oil out of the Into-mesh zone, 
a circumferential groove will be cut Into the center of one of the gears to 
break up the length of the teeth; thereby, reducing the trapping losses. This 
groove reduces the axial lengt 1 equlred to pump the oil by at least one-half. 

RADIAL JET LUBRICATION 

When the oil Jet is directed radially Inward the best Impingement depth 
Is obtained. Since gear tooth cooling Is a maximum when the oil jet Impinges 
on the face of the tooth, the radial oil jet offers the best method of gear 
lubrication and cooling. Figure 10 Is a high speed photograph of the radial 
directed oil jet and shows the oil jet penetrating the tooth space just before 
Impingement on the gear tooth flank. The oil pressure here Is sufficient to 
allow the oil jet to Impinge on the gear tooth a little more than half way 
down the working depth of the gear tooth. The maximum cooling Is obtained 
when the oil pressure Is sufficient to cause the oil jet to reach an Impinge- 
ment depth equal to the full working depth of the tooth. However adequate 
cooling can often be obtained with Impingement depth Just below the pitch line. 
When radial jet lubrication Is used the oil 1o t should be located near the out 
of mesh position with the jet directed radially at the center of the gear and 
pinion. In a speed reducer the pinion will receive cooling on the loaded side 
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of the tooth while the gear will be ccoUd on the backface of the tooth. When 
the gear set Is a speed Increaser, the pinion will receive cool^rrj on the back- 
face of the tooth and the gear on the loaded side. Experiments have shown 
(ref. 9) that good cooling of the gear or pinion can be obtained when either 
the loaded flank or unloaded flank of the gear tooth Is cooled. Figure 11 
shows the effect of oil jet pressure and load on gear tooth temperature using 
radial oil Jet cooling on the back flank of the gear tooth. The temperature 
was measured on the loaded flank of the gear tooth. This figure very clearly 
shows that good cooling Is obtained when cooling the back flank of the tooth. 

The following equations from references 9 and 15 gives the Impingement 
depth on the tooth flank for various speeds and oil jet pressures for a radial 
directed oil jet. 


d 1 " 


1.5708 ♦ 2 tan <t> + B/2 


N 


2977 ^Ap 


+ tan 4> 


(7) 


The vectorial model used to calculate the radial Impingement depth Is shown In 
figure 12. The analysis and experimental results for a radial directed oil 
jet are shown In figure 13. When the Impingement depth for a given gear oper- 
ating condition Is known or desired then the pressure required to obtain that 
Impingement depth Is given by the following equation. 


Ap = 


P d N d 


[2977 [| + | + (2 - d 1 P (J ) tan *]J 


( 8 ) 


When the oil Jet velocity equals the gear velocity the oil jet will usu- 
ally Impinge to a ue th approximately equal to the full working depth and 
provide very good cooling for the gear teeth. For standard gear tooth geometry 
the pressure required to obtain this velocity may be approximated by the fol- 
lowing equation where V Is the m/sec (ft/sec) and Ap Is In ft/cm^ ( ps 1 ) 
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English 


Ap = V g 2 /169 

Ap = V g 2 /22.8 Hetr.: (9) 

Using the above equation for gear operating at a pitch line velocity of 

150 m/s (500 ft/s) the oil jet pressure required for full depth Impingement 

2 

would be approximately 1014 N/cm (1480 psl). This pressure Is much higher 
than the oil jet pressure used In most high speed gear boxes operating at 150 
to 300 m/s (500 to 1000 ft/s). These gear boxes must operate at reduced loads 
because for the limited cooling available. It should be understood that the 
oil jet size must be reduced at these high pressures to limit the oil flow to 
that required for good cooling. Using the minimum orifice s' 1.02 mm 
(0.04 In) specified by many gear designs would give an oil r .o* of approxi- 
mately 1.3 gpm per orifice which may be too much oil for most applications. 
However If the orifice size Is reduced to 0.5 mm (0.02 In) then the oil flow 
Is only 0.33 gpm or 1/4 of that for the larger orifice. In order to limit 
orifice plugging the oil should be filtered through a 5 or 10 ym filter. It Is 
much better for botn the gears and bearings to filter the oil through a 5 ym 
or better filter. The finer Alteration will also Improve the gear and bearing 
life. 

COOLING REQUIREMENTS 

This amount of lubricating fluid required for cooling of gears and bear- 
ings may be determined by estimating the power loss for gears, bearings etc., 
and then using an appropriate temperature rls.. In the oil, the required oil 
flow can be determined. The following equation can be used to determine the 
oil flow in a given gear system. Assume 2000 hp Is transmitted In a gear set 
with one mesh and two sets of bearings. The losses per mesh In a well designed 
spur or helical gearbox should be no more than 0.5 percent with the losses 
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equally divided between the gears and bearings. The oil therefore oust absorb 
0.005 x 2000 or 10 hp, which Is 424.4 Btu/aln. Assuming a 50 *F temperature 
rise, the total oil flow required would be, 

w = Q/c AT = 424.4/0.6 x 50 = 14.2 Ib/mln (10) 

P 

with equal flow to the gears and bearings of 7.1 lb/«1n. If the gear set Is 
less efficient than the above then more oil flow would be requlred. 

SUHNARY AND COUCLUSIOdS 

There are several types of losses In gearbox systems that should be evalu- 
ated In a high speed gear design. These losses Include the gear tooth sliding 
and friction, the windage of the air flcwlnq around the gears, the charring 
losses of the oil being pumped or accelerated by the gears and the bear’»>Q 
losses of rolling element or field film bearings, Good aeslgn practices car 
reduce the effect of these losses. 

The gears may be lubricated by one or more of several methods, for high 
speed gears the pressure oil Jet Is definitely required to provide od cool- 
ing. 011 jets may be dlrecteo into mesh, out of roesh. or In a radial direction 
at various oil Jet pressures. However, for the maximum cooling and lubrication 
of the gear set the oil jet should be directed radially at the gear and pinion 
near the out of mesh position. This wll 1 provide good cooling and lubrlcatlor 
an keep the oil from ente-’ng Into mesh zone k ere excessive losses may occcr. 
The conclusions may be summarized as follows. 

(1) Gearbox efficiency for high speed gearing can be Improved by carefu"! 
attention to reducing windage and churning losses. 

(2) The best method for lubrication and cooling of high speed gearing is 
a high pressure oil jet at the out of mesh position directed radialli at the 
gear and pinion with sufficient velocity or pressure to Impinge on the tocth 
flank well below the pitch line. 
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(3) When the above conditions are performed , high speed gears can operate 
at considerable higher power levels than the Majority of high speed gearboxes 
are operating at today. 
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141 Oil jet clearing pinion teeth. tbi Oil jet clearing gear teeth. 

Fiqyrjo - OS je* impingement depth, out o< mesh. Speed. 3600rpm; iet pressure. 
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Figure 5. - dear rati vs nondimensional impingement depth speed 3603 rpm iet 
pressure 17x10® N/m? 25 psil 28 pinion teeCt. 
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